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 Abstract  : A numerical simulation f stress migration within a lithosphere with lat-
   eral, as well as vertical, varying viscosity is presented. The finite-element t chnique is 
   applied for the plane strain case using aphenomenological viscoelastic model consisting of 
   three lements. Southeastern Canada is chosen as a suitable r gion to apply this technique 
   because a high eat-flow (Paleozoic Appalachian) province is juxtaposed along its western 
   boundary by a low heat-flow (Grenville) province of the Canadian Shield. Awedge 
   simulating the seismically active region along the intervening St. Lawrence Valley in the 
   vicinity of the Charlevoix crater impact site is inserted between the two geologic provinces 
   mentioned above. The boundary conditions forthe finite-element calculations consist of 
   (i) a horizontal (tectonic) stress of 10 MPa, which simulates the stress component due to 
   spreading at the mid-Atlantic Ridge, applied to the eastern margin of the Appalachian 
   Province (ii) a fixed boundary (no lateral movement) along the western boundary ofthe 
 Grenville Province and (iii) a fixed boundary (no vertical movement) along the base ofthe 
   lithosphere. The trend of the geologic provinces is in a northerly (NNE) direction. 
   Because ofdifferent viscoelastic properties within the model, the applied stress tends to 
   migrate. The results indicate a vertically upwards migration ofthe horizontal tectonic 
   component with no noticeable lateral migration. After about 108 years, which isapproxi-
   mately the elapsed time since the opening ofthe present day Atlantic Ocean, there is 
   maximum stress enhancement in the upper part of the crust with a gradual decreasewith 
   increasing depth. For the case where the surficial layering inthe Charlevoix region is 
   considered to be quasi-ductile, th re is a further stress amplification n the underlying 
   elastic layer. 
      Thisenhanced stress field contributes o the deviatoric part of the in situ stress field 
   in southeastern Canada and, consequently, may be one of the major causative factors of 
   earthquake g neration in these regions of high stress. In particular, this enhancedstress 
   field could cause stable sliding along pre-existing faults in the middle-to-lowercrust  ; this 
   results in further concentration of stress and sudden slip along locked faults just on the 
   stable sliding zone. The transition ofstable sliding tostick-slip along pre-existing faults 
   can most readily explain the depth constraint ofmicroseismicity as well as larger  earth-
   quakes in southeastern Canada. 
1) Contribution from the Geological Survey of Canada No. 52689
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1. Introduction 
   Over the past hundred years, eastern Canada has experienced some moderate to 
large (intraplate) earthquakes. A number of earthquake-related studies in eastern 
Canada and northeastern United States are contributing to our understanding of 
epicentral distributions, causative factors of source mechanisms and seismotectonics 
(e.g. Smith, 1962,  1966  ; Sykes and Sbar,  1973  ; Sykes,  1978  ; Herrmann,  1979  ; Yang and 
Aggarwal,  1981  ; Forsyth, 1981). Along the passive margin of eastern Canada, the 
epicentral distributions (Adams and Basham, 1987) and source characteristics (Stein et 
al., 1979) are enhancing our understanding of the seismotectonic environments. On a 
global scale, Sykes (1978) has associated intraplate seismicity with pre-existing faults, 
alkaline magmatism and other geologic effects within the framework of plate tectonics. 
Along a west-east transect of the North American lithosphere, Wesnousky and Scholz 
(1980) have presented a hypothesis to account for the high stress field within the craton 
and the eastward increasing (E-W) stress component. The seismotectonic environment 
along northeastern  Baffin Island is apparently anomalous, as this region appears to be in 
a normal-fault regime, whereas the rest of eastern Canada appears to be in a  predomi-
nantly thrust-fault  regime  ; deglaciation effects (Stein et  al., 1979) and lateral variations 
in crustal structure (Hasegawa and Basham, 1989) are suggested as possible contributors 
to this apparently anomalous seismotectonic region. 
 However, a feature that is common to nearly all earthquakes, whether they are 
microearthquakes or larger events, is that the focal depths are generally in the upper 
crust (Hasegawa and Adams, 1981 ; Anglin,  1984  ; Wetmiller et al., 1984). This is also 
a common feature to most intraplate earthquakes in other parts of North America, 
Africa, Australia and China (see Johnston, 1989). The depth constraint of intraplate 
earthquakes has been discussed by, for example, Brace and Byerlee (1970), Meissner and 
Strehlau (1982), Sibson (1982), Chen and Molnar (1983) and  Hasegewa et  al, (1985). 
   The main objective of this paper is to present a finite-element model for which there 
is lateral, as well as, vertical variations in viscoelastic parameters and to determine the 
migration of the stress field within this model when a stress field (related to spreading at 
the mid-Atlantic Ridge) is applied. The second objective is to discuss more local, site 
specific, stress behavior. The region of interest is southeastern Canada, where two 
geologic provinces with different heat  flow rates are separated by a seismically active 
zone. 
 2.  Characteristics  of  Seismic  Zones  in  Southeastern  Canada  —  an  overview  —
2.1.  Brief  Summary  of  Earthquake  Zones  and  Geology 
   General trends in seismicity patterns in southeastern Canada and the geologic 
provinces are shown in Fig. 1 (from Basham et al., 1979). These authors have classified 
prominent seismogenic areas in this  region  : some noteworthy regions are the Grand 
Banks seismic zone offshore south of Newfoundland (upper  right)  ; the Lower St. 
Lawrence  region  ; the Charlevoix seismic zone near the middle of the St. Lawrence
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   Fig. 1 Seismicity of southeastern Canada superimposed on tectonic provinces and geological 
       structure (after Basham  at  al., 1979). 
 River  ; the Western Quebec zone to the southwest of the Charlevoix  zone  ; the Niagara-
Attica zone further  southwest  ; and the Northern Appalachian zone (southeast part of 
figure). In the Charlevoix seismic zone (central part of figure), which is rather confined 
in area, three large (magnitude 7) earthquakes have occurred during the past 300 years 
and the level of microseismic activity has been fairly high since the monitoring of 
microseismic activity in this area commenced (Leblanc et  al.,  1973  ; Leblanc and 
Buchbinder,  1977  ; Anglin and Buchbinder,  1981  ; Anglin,  1984  ; Lamontagne, 1987). 
Changes in seismic velocities near the surface and possible relations with seismicity are 
documented (Buchbinder et  al., 1983) and the results of twelve years of geophysical 
research in this region are summarized by Buchbinder et  al. (1988). 
 In the much more expansive Western Quebec seismic zone, the maximum known 
magnitudes are about an order-of-magnitude less than those in the Charlevoix region to 
the northeast. The causative factors of earthquakes in this prominent seismic zone are 
still not properly understood. Sbar and Sykes (1977) and Sykes (1978) suggested a 
seismic trend from Boston northwest to Ottawa but Yang and Aggarwal (1981) have 
identified nonseismic gaps along this hypothesized trend. Forsyth (1981) shows that the 
seismicity in the Western Quebec zone is confined mainly to the Central 
Metasedimentary Belt. Concerning the diffused band of seismicity along the Northern 
Appalachians, Yang and Aggarwal (1981) noticed a nonseismic trend along its northwest-
ern border, where elastic sedimentary rocks cover the surface (Williams,  1979  ; Lyons et 
 al., 1980).
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   The most conspicuous feature of the seismicity in Fig. 1 is the clustering of seis-
micity along the St. Lawrence Valley, which separates the Grenville Province to the 
northwest from the Appalachian Province to the southeast. The surface manifestation 
of this boundary is referred to as Logan's Line. 
2.2. Focal Mechanism Solutions and Stress Field 
   The seismotectonics and stress field in eastern Canada in which not only the seis-
mogenic deviatoric stress field, but also in situ stress measured by different techniques, 
are summarized by Hasegawa and Adams (1981) and by Adams and Basham (1987). 
Figure 2 (after Hasegawa et al., 1985) includes the results of fault-plane solutions for 
some of the larger earthquakes that occurred (up to 1983) in southeastern Canada. It is 
noteworthy that deviatoric (compressive) stress derived from fault-plane solutions as 
well as in situ measurements indicate a predominant E-W to NE-SW direction, which 
is almost parallel to the direction of absolute plate motion of North America (Minster 
and Jordan, 1978). Thus the overall stress field in southeastern Canada is likely to be 
dominated by the stress field associated with tectonics. Spreading at the mid-Atlantic 
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   Fig. 2 Orientation of maximum stress component in eastern Canada. Numbers 1 to 9, from 
       in situ (overcoring) stress measurements, are stereographic projections of maximum
       principal stress on lower hemisphere and numbers 10 to 18 are equal-area projections on 
       lower hemisphere of earthquakes and pair of arrows indicate associated deviatoric 
       compression vectors (after Hasegawa et  al., 1985).
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Ridge is the most likely source of the intraplate stress field (Richardson et  al., 1979). As 
for the types of faulting, most of the events in  Fig.  2 show reverse faulting. It is 
interesting to note, however, that fault-plane solutions of small events in eastern North 
America (Sbar and Sykes,  1977  ; Herrmann,  1979  ; Yang and Aggarwal, 1981) indicate a 
combination of thrust, normal and strike slip faulting in a relatively uniform stress field. 
Taking into consideration the comparatively less reliable solutions for small events, the 
co-existence of different modes of faulting in a region of a uniform stress field may imply 
that earthquakes most likely occur along pre-existing faults or weakened linears formed 
during past major tectonic orogenies and not by the present stress field. 
2.3. Focal Depth Constraint 
   For the majority of moderate-to-large earthquakes for which focal depth calcula-
tions are based on instrumental data, the hypocentres are confined to the top 20 km of the 
crust (e.g. see  Horner et al., 1978,  1979  ; Hasegawa and Adams, 1981 ; Anglin,  1984  ; 
Wetmiller et  al., 1984). In addition, temporary seismic arrays are delineating very 
accurately the depth distribution of microearthquakes (Anglin,  1984  ; Wetmiller et  al., 
1984). Figure 3 illustrates the frequency-depth distribution of microearthquakes in a 
Miramichi sequence (aftershoks of the January, 1982, main shock of mb  =  5.7, focal depth 
of 6 km) and Charlevoix microearthquakes. A conspicuous feature is the greater depth 
range (4 km to 25 km) of the Charlevoix events, as compared with the (1 km to 10 km) 
more confined range for the Miramichi events. Also notable is the absence of 
hypocentres at depths less that about 5 km in the Charlevoix  region  ; one possible 
explanation for this absence of shallow events could be the presence of a shallow dilatant 
zone extending to a depth of about 8 km (G.G. Buchbinder, personal communication, 
1984). 
   Hasegawa et  al. (1985) have shown that for the case of a laterally homogeneous but 
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vertically varying viscoelastic model of the lithosphere with a horizontally applied 
tectonic stress component, the induced stress field in the lithosphere migrates vertically 
upwards. In this sequel, the viscosity is allowed to vary horizontally, as well as 
vertically, which is applicable to southeastern Canada, where a low heat flow (Grenville) 
province is juxtaposed to a high heat flow (Northern Appalachian) province. In addition, 
the spatio-temporal variation of the horizontal (deviatoric) stress in both provinces are 
determined simultaneously, and this stress pattern can then be compared with the 
respective depth-distribution of earthquakes shown in Fig. 3 to see if there is a correla-
tion. 
3. Non-Uniform Viscosity Profile hi the Lithosphere of Eastern Canada 
   The flow of rocks is a thermally activated process and in most cases, irregardless of 
the flow mechanism, the dependence of the flow law on temperature can be expressed in 
exponential form. Thus a thermal model of the lithesphere is required to derive an 
effective viscosity-versus-depth profile for numerical calculations. Because of its age 
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 (-109 years) the Canadian Shield has among the lowest heat-flow  rate  ; but recent heat-
flow measurements within the Grenville Province indicate slight-to-moderate variations 
in heat-flow rates (Mareschal et  al., 1989). The adjacent (Ordovician) Appalachian 
Province to the southeast has a significantly higher heat flow than that in the Grenville 
and Superior Provinces of the Canadian Shield. 
   The heat flow values selected for determining a mean or representative temperature 
versus depth profile for the Northern Appalachian Province and the adjacent Grenville 
Province (of the Canadian Shield) are mean values. Since there are slight-to-moderate 
variations in heat flow rates within each province, some perturbations in stress migration 
rate from the mean rates are to be expected. After correction for Pleistocene climatic 
change, heat flow measurements by Hyndman et  al. (1979) in the Maritime Provinces 
(Northern Appalachian) vary from 45  mWm-2 to 79  mWm2. Heat-flow measurements 
by Wright et  al. (1980) in Newfoundland (north of the Northern Applachians) vary from 
38 to 82  mWm'. In the Superior Province (Canadian Shield west of Grenville Province) 
measurements by Jessop and Lewis (1978) range from 40 to 44  mWm". On the basis of 
these  heat-flow measurements and radioactive generation, crustal temperature-versus-
depth profiles were determined for the Superior Province (Jessop and Lewis, 1978) and for 
Newfoundland (Wright et  al., 1980). However, for the numerical modelling in this 
paper, we have recalculated the temperature profile to a depth of 100 km (assumed 
thickness of continental lithosphere) for both the Superior Province and the Northern 
Appalachian Provinces. An exponential decay of heat production with depth in granitic 
rock is assumed. Thermal conductivities of 3.25  Wm-1K-1 for granitic rock, 1.90  Wm-1 
K-1 for basaltic rock and 4.0  Wm-11C-1 for mantle rock are used for the computation of 
viscosity. The upper and lower crust for the numerical model are assumed to have a 20 
km thickness for both the Northern Appalachian and Grenville Provinces. The temper-
ature-versus-depth profiles that are selected for both provinces are shown in  Fig.  4, 
where the results for the Grenville Province are represented by those calculated for the 
Superior Province. Because the petrological composition for the lower crust is still 
uncertain (e.g. Taylor et  al.,  1980  ; Brown et  al., 1981), for reference purposes, the 
temperature-versus-depth profile for granitic rocks in the lower crust is also shown. 
The uncertainty for each temperature-versus-depth profile is also shown, with the lower 
curve corresponding to the lowest and the upper curve to the highest heat flow and heat 
production in the respective regions. It is noteworthy that, at a depth of 100 km, there 
is a difference in temperature of about  400V between the respective temperature-versus-
depth curves chosen for the two provinces. 
   The effective viscosity-versus-depth profile for each province is based on the tem-
perature profiles shown in Fig. 4. The effect of a variation in stress of 10 MPa in each 
province on viscosity is shown in Fig. 5, for which the method of calculation and material 
constants are based on Murrell (1976). Steady-state flow of rocks and a stress difference 
ranging from 10 MPa to 100 MPa can be represented by a power law creep, which gives 
rise to a stress-dependent viscosity. Figure 5 shows that there are significant 
 differences in the viscosity-versus-depth profiles between the Appalachian Province and
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the Grenville Province. The hachured portion represents "pressure effects", as de-
scribed previously (see Hasegawa et  al., 1985). The scale in the upper part of Fig. 5 
labelled  ts, represents a characteristic time (years) within which transient creep rather 
than steady state flow would dominate under existing constant differential stress. 
   Estimates of the thickness of the continental lithosphere vary, depending on the 
technique used. For the case where the bottom of the lithosphere is based on a solidus 
temperature of  1,200°K to  1,300°K (Wyllie, 1971 ; Ringwood, 1975), the corresponding 
thickness of the lithosphere for the Northern Appalachian and Grenville Provinces would 
be approximately 70 km and 110 km, respectively. The lithospheric thickness based on 
a viscosity of  102°  Pa•s is about 100 km (McConnell, 1968). Thus the lithospheric 
thickness and viscosity profiles shown in  Fig.  5 are in good agreement with other 
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estimates. Moreover, the lithospheric thickness based on the techniques described 
above are in close agreement with that based on surface wave analysis in this region by 
Wickens (1971). Even though the selected value of 100 km for the thickness of the 
lithosphere appears to be reasonable for southeastern Canada, there is still controversy 
concerning the lithospheric thickness of stable continental regions (e.g. Peltier and Wu, 
 1983  ; Knopoff, 1983). 
4. Numerical Simulation of Stress Migration within Lithosphere of  Non-Uniform 
  Viscosity 
4.1. Geometry and Boundary Conditions 
   The two-dimensional (plane strain) model selected is 100 km in depth and 1,000 km 
in width and is partitioned into three regions as shown in Fig. 6. The Grenville (GRV) 
and Appalachian (APP) Provinces are separated by the vertical strip labelled CHV, 
which is representative of the Charlevoix seismic zone along the St. Lawrence Valley and 
includes Logan's Line. The crustal structure in the Grenville Province is modeled with 
two layers, a granitic upper crust with  Vp— 6.5 km/s and a lower crust with  vp = 7.0 km/ 
 s  ; the upper mantle is assigned a value of  14=8.1 km/s. The crustal model selected for 
the Appalachian Province has a surface sedimentary layer with a mean thickness of 8 km 
and a velocity of  Vp  =  5.5 km/s. The underlying velocities are chosen so that they are 
similar to those ascribed to the Grenville Province, since the Grenville basement extends 
beneath the Northern Appalachians (Spencer et  al., 1989). The intervening Charlevoix 
(CHV) zone is assigned a slightly lower velocity of  vp  =6.1 km/s,  (cf. Lyons et  al., 1980) 
to a depth of 8 km. 
   With respect to boundary conditions, a uniform horizontal stress of 10 MPa is 
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applied to the right side (APP side) of the  model  ; the left side (GRV) is fixed so that there 
is no lateral movement and the bottom is fixed so there is no vertical displacement. The 
applied uniform horizontal stress simulates the push associated with spreading at the 
mid-Atlantic ridge and is a simple simulation of a complex pattern (e.g. see Dahlen, 
1981). This applied stress simulates a deviatoric horizontal component because gravita-
tional stresses (e.g. lithostatic load) are not included in the numerical calculations. 
4.2. Multilayered Viscosity and Finite-element Regime 
   Since the  finite-element program used requires discrete values of viscosity in each 
layer, the viscosity values were chosen to simulate, as close as possible, the (more 
realistic) continuously changing viscosity, as shown in  Fig.  7. Moreover, since this 
program requires a viscosity for each layer, including the upper crust, and arbitrarily 
high value of  1060  Pa•s is assigned to the upper crust. The viscosity values assigned to 
the contact zone (CHV) are intermediate between those on either side. The upper part 
of the contact zone has been perturbed by a crater impact (Rondot, 1971) and manifests 
a slight velocity change with time, which is attributed to the growth and decay of 
dilatancy (Buchbinder, 1981). The dilatancy of brittle rock is probably caused by 
microcrack opening (Brace et  al., 1966) and its flow characteristics can be categorized as 
semi-brittle transient creep (Scholz,  1968  ; Carter and Kirby, 1978). Thus, we consider 
two models for the contact  CHV  ; one model, CHV2, characterized by a low viscosity 
zone arbitrarily set at  1020  Pa  •s, in the surface layer and the other model, CHV1, does 
not have a surface layer of low viscosity. Though the surface low-viscous zone is 
intended to represent an equivalent viscoelastic model for dilatancy, this low-viscous 
zone at the surface can simulate quasi-ductile material in the surface portion such as the 
sedimentary layer in the Appalachian and the metasedimentary belt in Western Quebec 
(see Forsyth, 1981). 
   The finite-element scheme for a viscoelastic material as derived by Sato et  al. (1981) 
is  utilized  ; their computer program is written for a standard viscoelastic body that can 
simulate either transient or steady-state creep. The former is likely the dominant mode 
of flow in the present case (Hasegawa et  al., 1985). 
   Figure 6 shows the instantaneous (elastic) response to the step change in the applied 
horizontal boundary pressure at time T =0 years (time of opening of present day 
Atlantic Ocean). The mean compressive stresses in the triangular elements selected and 
the displacement vectors at each nodal point are drawn in the upper and lower halves 
respectively. Labels (a), (b) and (c) in the central portion are the points at which 
vertical profiles of time dependent stress are presented in a later section. 
4.3. Time-dependent Spatial Pattern of the Maximum Principal Stress 
   The deformation of a lithosphere with a vertically decreasing viscosity have been 
discussed by Hasegawa et  al. (1985). In the present case, which includes a lateral as well 
as a vertical varying viscosity within the lithosphere, an example of the compressive 
stress and deformation patterns, at an elapsed time of  103 years are shown in Fig. 8. The
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   Fig. 8 Deviatoric (horizontal) stress pattern (top) and displacement pattern (bottom) at time 
 T  103 years. Time  T  =0 years corresponds to time when 10 MPa stress is applied. 
more readily deformable lower part of the lithosphere and the low-viscosity lower crust 
in APP have already released their deviatoric stresses by this time. The stress pattern 
after an elapsed time of 108 years is shown in Fig.  9  ; this time interval is considered to 
be an approximation to the maximum duration of ridge-push in the present Atlantic 
region (Wilson, 1966). Figure 9 includes both the results for CHV1 (top) and CHV2 
(bottom). Stresses within the mid-crust layer sandwiched between the two low-viscous 
layers for CHV2 are featured by greater stresses than those for CHV1. It should be 
noted that the irregular pattern of principal stress direction near the right side boundary 
is ascribed to the boundary condition. 
   Apart from the distorted stress pattern near the right side of the model, an important 
feature is that, at a specified depth within a certain province, the enhanced stress field is 
essentially constant. The implication is that there is very little lateral migration, but a 
significant vertical migration of the stress field. Another noteworthy feature is that the 
amplification factor in the elastic (brittle) layer depends, to a large extent, on the ratio 
of the thickness of the viscoelastic layer to that of the elastic layer. Thus there is an
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 Fig.  9 Deviatoric (horizontal) stress pattern for two cases, Model  CHV1 (top) and CHV2 
      (bottom) inserted between GRV and APP. Time  T=108 years. 
uncertainty in the amplification factor because, as mentioned previously, there are 
uncertainties in determining the thickness of these layers. The strength of the ridge 
push stress and its variation with depth (e.g. see Dahlen, 1981) are also relevant. 
   One of the important features of the maximum depth of earthquake foci is the 
variation with depth in each province of the current (T  =108 years) deviatoric stress 
state, which is displayed in Fig. 9. The general trend of the stress field in Fig. 9, which 
shows that the the depth of stress concentration within the crust is least for APP, 
intermediate for CHV and greatest for GRV. Moreover, for CHV2, there is a low stress 
region near the surface and an enhanced stress field below. These two trends correlate 
with the frequency-depth distribution of earthquakes shown in Fig. 3. 
   Figure 10 shows an explicit numerical presentation of the variation in stress with 
depth at points labelled (a), (b) and (c) in Fig. 6. Two sets of profiles are shown, one for 
time T = 0, which corresponds to the opening of the present day Atlantic Ocean along the 
passive margin bordering the North Appalachians, and the other to the present day, T = 
 108 years  (cf  .Wilson, 1966), deviatoric stress field. For convenience in presentation the 
crust is partitioned into four sections, each of 10 km in  thickness  ; SF, UC, MC and LC 
stand for surface, upper crust, middle crust and lower crust, respectively. The profile
           LITHOSPHERIC DEFORMATION AND SEISMOGENIC STRESS 35 
for T =0 years represents the instantaneous elastic response (related to P- and S-wave 
velocities) of each layer to a step in applied stress of 10 MPa. The slightly lower level 
of stress in layer SF of CHV and APP corresponds to a fractured zone and a surface 
sedimentary layer, respectively. The GRV curve (a) shows an enhanced stress field 
throughout the crust, with an amplification factor of 2 in LC. The profile APP (labelled 
(c)), shows that the stress is relatively lower in SF, highly amplified in UC and top half 
of LC and decreases dramatically towards LC where the deviatoric stress has completely 
relaxed. The CHV1 profile shows a pattern quite similar to that for APP. However, 
CHV2 manifests a profile significantly different from that of CHV1 and the other profiles. 
Owing to viscous flow in SF, the stress migrates downwards, enhancing the stress in UC 
and to a lesser extent in MC for CHV2. 
5. Discussion and Conclusions 
   The numerical simulation of stress migration in a lithosphere with non-uniform 
viscosity is based on the ductile to semi-brittle behavior of unfaulted silicate rocks under 
laboratory conditions. General trends in the deviatoric stress field in the crust in three 
different stress provinces were described previously and displayed in Figs. 9 and 10. The 
result indicates a potential contributor to the high horizontal compressive stress that is 
pervasive throughout southeastern Canada (Herget,  1980  ; Hasegawa and Adams,  1981  ; 
Adams and Basham, 1987). A major part of the overall deviatoric stress in this complex 
stress environment is likely due to a combination of the direct tectonic force and to 
viscoelastic flow in the lower crust and upper mantle that released this stress, which 
migrates upwards. 
   The result also indicates that, for the selected model, stress migration in the lithos-
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phere due to horizontal tectonic force can occur only  vertically  ; this precludes a 
concentration of deviatoric stress around the contact between two provinces, such as the 
Grenville and Appalachian, which are characterized by thermal regimes quite different 
from each other. 
   Now, we address the  question  : what is the major source of seismogenic stresses and 
what is the direct cause of earthquake  generation  ? We believe that the enhanced stress 
in the upper lithosphere can, directly or indirectly, contribute to earthquake occurrence 
because of a correlation between seismogenic stress with overall high compressive, in 
situ, stress. The present results, however, do not show a sufficiently relaxed state of 
stress in the  middle-to-lower crust except in the Appalachian provinces  (cf  . Fig. 9 and 
Fig.  10)  ; this result does not seem to be consistent with a nonseismic lower crust. Thus, 
we might infer that effective viscosity in the lower crust beneath southeastern Canada 
should be less that  1026 Pa•s, for which there is a completely relaxed state of deviatoric 
stress in the lower crust at the time of 108 years (Hasegawa et al., 1985). Here, however, 
we will put forward another interpretation of the direct causative factor of earthquake 
generation, without invoking a change in  viscosity  ; and that the viscosity profile in Fig. 
5 and the stress profile in  Fig.  10 need not be modified. 
   Seismogenic stress that directly triggers sudden fracture of crustal rocks is probably 
due to very local effects. Glacial rebound, particularly in eastern Canada, is a likely 
contributor to a changing stress field. However, we would like to put this potential 
contributor aside from the present discussion because its effect on the stress field is not 
yet properly understood. Other local effects such as inhomogeneity due to intrusive or 
extrusive bodies may be potential contributors. Indeed, the Western Quebec seismic 
zone appears to be associated with the Morin anorthosite body that may act as a rigid 
buttress (Forsyth, 1981). However, if the intrusions are stiffer than the surrounding 
plate, the stress concentration (enhancement) is only about 20-30% above the regional 
value (Campbell, 1978). Such an intrusion model is in an elastic brittle field. Another 
local effect is, as is shown in the present case of CHV2 model, surface ductile flow. 
Microcrack dilatancy in brittle material (Scholz, 1968) and other ductile materials such 
as marble and limestone manifest transient creep, even if they are under low temperature 
conditions (Robertson, 1960). Therefore, a considerable amount of stress concentration 
beneath the surface ductile zone should be taken into account, as indicated for the CHV2 
model. 
   Now recall that a number of earthquakes in the eastern part of North America, as 
well as other intraplate regions, are primarily localized to weak zones or pre-existing 
faults that have not yet annealed (Sykes,  1978  ; Yang and Aggarwal, 1981). Also in 
southeastern Canada, there are many fault systems (Williams, 1979) particularly in the 
proximity of earthquake regions (Rast et  al.,  1979  ; Forsyth,  1981  ; Anglin, 1984) though 
seismic trends are not always clearly delineated along surface faults. Thus, it is most 
likely that earthquake occurrence in southeastern Canada is also a stick-slip type of 
phenomenon. In other words, the larger earthquakes are likely occurring in regions 
where there are fairly lengthy faults or linears that were either formed or re-activated
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by past major tectonic orogenies. Accordingly, we favour the view that frictional 
strength of faulted rocks rather than fracture strength of intact rocks is also a significant 
factor in confining earthquake foci to the upper part of the lithosphere. Figure 11 shows 
the variation of frictional strength of faulted rock with depth (or pressure) as determined 
from laboratory experiments under temperature and pressure conditions representative 
of the  crust  ; the data are compiled from Stesky et al. (1974) for Westerly granite and 
San Marcos gabbro, from Raleight and Paterson (1965) for lizardite-bearing serpentine, 
and from Byerlee (1978) for clay minerals represented by vermiculite and montmoril-
lonite. In the diagram the stress difference,  OD equals  oi-63, where the former  repre-
sents the maximum and the latter the minimum principal stress, respectively. The 
horizontal scale can readily be modified to represent shearing stress and normal stress on 
fault surface, provided the angle of the fault with respect to  6, or  63 is  known  ; the result 
is known as Byerlee's law for which there is a linear relation between them. These 
laboratory experiments show a fairly high level of several kilobars or hundreds of MPa 
for the frictional strenght in the upper crust, even if the rocks contain sufficient water. 
It is also seen that clay minerals such as vermiculite and montmorillonite are very weak 
materials with frictional strength lower by almost one  order-of--magnitude than that of 
 granite  ; also of note is that clay minerals could not exist at depth (Wu, 1978). 
   Once stress difference around a faulted rock reaches the frictional strength, the rock 
begins to slip or slide along the fault surface. However, the sliding mode, whether in a 
brittle fashion or slow sliding without stress drop, depends on pressure and temperature. 
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   Fig. 11 Fricitonal strength of faulted rocks versus pressure (or depth) for Westerly granite 
      and San Marcos gabbro (from Stesky et  al., 1974), for serpentine (LIZ) (from Raleigh and 
      Paterson, 1965), and for clay minerals  (V+M) (from Byerlee,  1978)  ; V and M stand for 
       Vermiculite and Montmorillonite, respectively. Stress difference  (ob) represents
       difference between maximum and minimum stress components.
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A diagram of stick-slip and stable sliding of faulted rocks with respect to presssure , 
temperature and frictional strength is shown in Fig.  12  ; the data for Westerly granite 
and San Marcos gabbro from Stesky et al. (1974), and the geothermal gradients of the 
regions of interest are superimposed on the figure. Apart from the high frictional 
strength, it is obvious that the stick-slip mode or earthquakes with appreciable stress 
drop tend to be inhibited from occurring below about 15-20 km in the Appalachian 
Province and 20-25 km in the Grenville Province. 
   The diagram also suggests that the relatively younger and warmer Appalachian 
province would have seismic potential at shallower depths than the Grenville. Note that 
the transition from stick-slip to stable sliding for gabbro is shifted to a lower tempera-
ture than that for granite, though the amount of shift is very  small. If the earth's crust 
is heterogeneous, as is particularly true for the Northern Appalachian (Williams, 1979), 
the upper crust may contain, for example, gabbroic material. Further, if the earth's 
crust contains a considerable amount of water, as is most likely, (e.g. see Greenhouse and 
Bailey, 1981) the thermal gradient would be greater than what is shown in the figure 
because of the low thermal conductivity of gabbro and the water content. Under this 
condition no earthquakes at depth greater than about 10 km would be expected for APP . 
This may also be a contributory factor for the depth-frequency characteristics of the 
microearthquakes shown in Fig. 3, in particular the broad but somewhat deeper spectrum 
of activity-versus-depth for Charlevoix (CHV) and the shallower (less than 8 km)
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activity in New Brunswick (APP). 
   What is the role of stable  sliding  ? The diagram of Fig. 12 indicates that slow 
sliding can occur along a fault once deviatoric stress reaches a critical level at a certain 
depth. Although the overall ambient stress field at depth would not be sufficiently high 
enough to initiate sliding over fault zones, slow sliding along extremely weak portions 
due to partial melting and stress corrosion at depth, (for instance), could take place. 
From the view point of rheology, the effective viscosity within a fault zone that would 
undergo stable sliding is very low (e.g. flow law of stable sliding in Stesky, 1978). The 
present numerical experiment then suggests a miniature frame of  "non-uniform distribu-
tion of viscosity" around the fault zone. Accordingly, once slow sliding initiates along 
a fault at depth under deviatoric stress, stresses may migrate toward the upper part of 
the sliding portion where the deviatoric stress would relax after flow. The enhanced 
stress could accelerate further sliding towards the upper  fault  ; this results in stress 
concentration at the bottom of the seismogenic zone and causes sudden slip or earth-
quake. This process is in accordance with fracture initiation of  earthquakes  ; namely, 
the first break of the main shock is usually located at the bottom of a fault area or 
aftershock zone  (cf  . Das and Scholz, 1983). This concept is almost the same as 
Bonafede et  al. (1983), who identify a slow sliding precursor before the 1976 Friuli 
earthquake. With respect to southeastern Canada, a pocket of ongoing subsidence of 0.5 
cm/yr in the Lake St. John Area of the Grenville Province (Frost and Lilly,  1966  ; 
 Varfica and Hamilton, 1972) may be a manifestation of slow sliding at depth. At any
rate, the transition from stable sliding to stick-slip is one of the most pervasive features 
of the seismogenic process in southeastern Canada. 
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